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ABSTRACT

A promising navigation concept for the V/STOL aircraft is to make
a hybrid system comprising a low cost inertial navigation system which
is updated by a radio navigation aid. This report gives a short des-—
cription of suitable en route and terminal radio navaids which are
available or may be available during the next decade. A statistical
model for the VOR/DME errors is derived together with other information
required by a Kalman filter approach to estimate the hybrid navigation

system errors.
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ABBREVIATIONS USED

ADF ~ Automatic Direction Finder

ATC - Air Traffic Control

cas - Collision Avoidance System

CTOL - Conventional Take Off and Landing
CDI — Course Deviation Indicator

DME - Distance Measuring Equipment

DR - Dead Reckoning

DVOR - Doppler VOR

E[ ] - Expected Value

FAA - Federal Aviation Agency

HARCO - Hyperbolic Area Coverage, also known as Decca
IFR — Instrument Flight Rules

INS - Inertial Navigation System

OBI - OmniBearing Indicator

OBS - OmniBearing Selector

PSD - Power Spectral Density

PVOR - Precision VOR

Rho - Refers to distance information
RNAV - Area Navigation (airways)

RVR - Runway Visual Range

TACAN - TACtical Air Navigation

Theta - Refers to bearing information
VFR - Visual Flight Rules

VOR - VHF OmniRange

VORTAC - Statior comprising VOR ,and DME from TACAN

V/STOL Vertical/Short Take Off and Landing



1. INTRODUCTION

The navigation problem encountered by the V/STOL aircraft can be
broken into three parts: en route navigation, terminal area naviga-
tion, and approach and landing. The requirements for the en route
navigation will not differ significantly from those for the CTOL air-
craft. 1In the terminal area V/STOL aircraft may be required to fol-
low certain curved flight paths to reduce noise and to keep clear of
CTOL airways.

A high degree of accuracy will be necessary to provide closely
spaced tracks in high density terminal areas. For the final approach
and landing phase all weather capability is desired. No single navi-
gation aid exists today which can fulfill all these requirements. One
promising approach to the problem is to use already developed radio
navigation systems combined with inertial navigation systems, applying
statistical filtering techniques to minimize the errors.

Many books and reports are available giving a detailed description
of how the most common radio navaids function (See references [1],

{21, [31, [4]1, [5]1, [411). Thus these descriptions will not be
repeated here. Only working principles which are necessary in order
to describe certain error sources will be mentioned. The same naviga-
tion system can probably be used for the en route phase and the ter-
minal phase. Low visibility landing requires a special precision nav-
aid which most likely cannot be used during the en route and terminal
area flight. This report will cover only the en route and terminal
phase and give a survey of systems which most likely will be available
and suitable for use with an I.N.S. for V/STOL navigation. A more de-
tailed description of performance and a statistical error model for the
only generally available continental navigation system, the VOR/DME
system, is given.

2. SURVEY OF EN ROUTE AND TERMINAL AREA NAVAIDS SUITABLE FOR V/STOL
APPLICATION

Some of the best 'known radio navigation systems designed for short
to medium range navigation are listed in Table 2.1. Many other systems

have been proposed such as:

Land, Litton Theta-Theta
Halop, Hastings-Raydist Hyperbolic
Radio Mesh, French Hyperbolic

Satellites



Table 2,1. En Route and Terminal Area Radio Navigation Systems

System Status satura-
bility
ADF Operational, beacons | None
in the 200-600 khtz
band
CONSOL Operational,hlhree None
CONSOLAN |Stations in U.S.
VOR/DML NationwidehEerfageﬂrTﬁi{”-h
VORTAC Recommended by ICAO 6-12
TACAN Nationwidg—zbveragé'“‘” -
Bearing information
for military users
only
Loran A Fully iﬁﬁiéﬁéﬁ%é&”d""‘ﬁéhé
along coastal re-
gions
Loran C |Good coverage along | None
coastal regions of
U.s. |
Loran D |Designed for tacti- | Nowe |
cal use. Not opera-
tional
DECCA One chain in New | None N
Harco York
e e
Omega Still in the ex- None
perimental stage
Doppler Operational T
2

Range

n.m.

50~200 (useful

down to

surface)

down to

surface

R=1.27Vh, h - |
altitude in
ft. Line of

the

500-700 (useful

the

Information and;
Rate
Theta, contin-

uous

Theté, 1 fi;
per 60 sec.

'VOR gives Theta
continuous. DME

gives Rho at 15

sight samples/sec.
Line of sight | Theta and Rho.
(Same Rho as
DME)
" Ts00 Hyperbolic
Continuous
“ 1500 " |'myperbolic
10 samples/sec.
250 |'as Loran ¢
300 | Hyperbolic
Continuous
N A
Goal 1is whole Hyperbolic
Earth 1 per 10 sec.

velocity

Continuous




Price(A/C

lane ident.

Accuracy Equip.in Remarks
_ $1,000)

EEEYid)Twﬁgzy_ibw'fréquencyrVEEI5£- T a4 _ﬁéérings from two sta-
‘|tion due to random fluctuation of tions provide a fix.
ionosphere. High noise level during Two bearings at 90°
thunderstorms. Long distance recep- from stations 50 n.m.
tion difficult at night due to sky away give a 1.5 n.m.
wave interference. (lo) error.

<6-24 n.m. 95% of the time -] 0.5 | Direction only.

[VOR: +1.2° (10) (Low fregquency VOR: See Chapter 3

random) DME: +0.14 n.m. (lo) 6-12

DME
7.8
[Theta: 0.4-1.0° T o ' Co-located with VOR
Rho: as VORTAC stations. Distance
i measurement unit also
used for VORTAC.

[1,000-4,000 ft. groundwave T 3.0 B

6,000-8,000 f£t. skywave

+1,500 ft. (20) at A T N T

extreme range

[As Loran C i R Transportable ground

equipment
350 ft. (lo) day at 100 n.m.; | 6.4 'ﬁ”
3,000 ft. (10) night at 100 n.m. w/automatic

+1n.m. (20) day +2n.m. (20) night
Low frequency random due to varia-

tions of ionosphere.

15-65

Lane ambiguity is a

problem.

}0.5%'(20)'6f'di§£ahcé'travéied or
1 n.m., very low frequency random

errox

40




‘They are not treated here, either because of lack of data or because no
produétion models exist. None of these systems seem to offer a signi-
ficant advantage over the systems in Table 2.1 A number of systems;
often with a high degree of accuracy, have also been left out because
they are designed only for one or a few simultaneous users. None of
these systems have been recommended by the air traffic authorities or
by international navigation committees.

Radio navaids which could be suitable for V/STOL have been discus-
sed in the open literature. In references [6] and [7] it is stated that
the V/STOL requires high flexibility in the terminal area and low in-
strument landing minima. This requires that the navigation system give
volumetric coverage down to the earth's surface, free of shadows caused
by intérvening buildings and high ground. In order to reduce the noise
and to avoid the CTOL airways, curved paths will be required. In the
high-density terminal areas parallel lanes closer than 5,000 ft. have
been proposed. These requirements may be fulfilled by Decca or Loran
C/D. The insurmountable limitation of the VOR/DME system in the termi-
nal area is its line of sight characteristics which restrict its low
altitude coverage. 1Its ability to provide the required accuracy in the
high-density areas when used without any optimal data processing has
also been questioned. Reference [10] suggests that proper use of exis-
ting VORTAC facilities will give accuracies on the order of +0.3 n.m.
in certain metropolitan areas. Where reflections preclude the use of
VHF systems, Loran C could provide good navigational accuracy in the
terminal areas. A study made at the University of Ohio [8] of low al-
titude flights (below 300 ft.) concludes that no existing system pro-
vides for satisfactory safe, low-altitude instrument flights.

The VOR/DME system 1s the only short range navigation system
which has nationwide coverage. Reference [9] claims that no fore-
seeable system can replace VOR/DME from a practical and an economical
point of view for the remainder of the twentieth century. The F.A.A.
is now introducing area navigation [11l] by authorizing the use of air-
ways which do not overfly the VOR/DME stations but where VOR/DME sig-
nals can be used for primary navigation. This increases the VOR/DME
system's capability to serve as an adequate en route navigation aid

for V/STOL in the next decade. The present coverage of Decca and



Loran C is very limited. There are no definite plané for full imple-
mentation of these systems in the U.S. to give nationwide coverage or
to give coverage in all the high-density terminal areas. This would
indicate that V/STOL operations would be forced to rely ubon VOR/DME
for en route and terminal navigation.

Until now only limited experience has been gained with naviga-
tion systems for V/STOL. New York Airways has operated helicopter
routes in the New York area for some years. Since .the operating al-
titude has been about 1,000 feet, below line-of-sight, the VOR signals
are useless due to reflections. Thus the use of Decca was authorized
for use as a primary navigation system [12] with the following res-
trictions upon minimum ceiling and visibility: 400 ft.-1 mile, 500 ft.

-3/4 mile, or 600 ft.-1/2 mile.

Eastern Airlines used for their STOL test program the Decca Om-
nitrac computer with a moving map display. The computer could pro-
cess navigation signals from VOR/DME, Loran C or Decca (also called
Harco for Hyperbolic Area Coverage) [13].

American Airlines is now conducting a STOL test program [14].
They are testing the following terminal and en route navigation sys-
tems:

- Vector Analog Computer with inputs from VOR/DME.

- Decca Omnitrac= System which takes inputs from

VOR/DME, Loran C, Doppler, or Decca.

~ Litton Systems LTN-51 I.N.S. with vertical naviga-
tion. VOR/DME used for updating I.N.S.

Other airlines have also tested area navigation systems where in-
puts have been VOR/DME, Decca, Doppler, or I.N.S. This brief survey
gives an indication of navaids which will play a significant role in
the en route and terminal area navigation of V/STOL in the near future.

Publiéhed reports show that the navigation accuracy using exist-
ing radio navaids can be substantially improved using hybrid systems
and optimal filtering techniques. In reference [15] a simulation is
performed showing that a substantial reduction in the position fix er-
ror can be obtained by using the existing VOR/DME system. By receiv-
ing signals from two VORTAC stations simultaneously, a maximum likeli-
hood estimate of the position is performed. For a favorable choice
of VORTAC stations, accuracy is primarily given by the accuracy of the
DME signal. Reference {16] gives simulation results from a hybrid
system using DR (Dead Reckoning) together with radio navaids such as



ADF, VOR/DME, and Loran C. Both I.N.S., Doppler and airdata DR were
used. The results indicated that the combination of ADF-DR gives ac-
curacies as good as raw VOR/DME data . Reference. [17] gives an
analysis of an optimal implementation of VOR/DME information with
I.N.S. data. The results obtained indicate a factor of 4 to 5 improve-
ment of position accuracy, a "cleaning up" of VOR signals without in-
troducing unacceptable lag, and a filtering of beam bands which is a
real part of the ATC airway structure. Butler National Corporation
[18] has introduced geometric filtering of the VOR signals by using in-
formation about the maximum angular velocity of the aircraft about the
VOR station at a specific distance to significantly reduce the position
errors. Methods for improving Loran accuracy and coverage, demon-
strated in [19] and consisting of a software remechanization of the re-
ceiver, can provide a passive closed-loop, one-way direct range meas-
urement to the individual Loran stations,

The combination of I.N.S.-Doppler for V/STOL navigation has been
given little attention in the recent literature. Although Doppler aug-
mented I.N.S. systems will give improved performance, the system will
give a growing position error with time, resulting in the largest in-
accuracies entering the terminal area where the accuracy requirement
is of most importance. Improving I.N.S.-Doppler performance to re-
flect terminal area requirements tends to be more expensive than us-
ing available position updates from radio navaids. Many military pro-
jects and some commercial aircraft use or are scheduled to use Doppler-
I.N.S. [21]. Also, Doppler-I.N.S.-Loran C/D have been proposed. It is
more likely that Doppler-radar will compete with I.N.S. for continental
V/STOL flights as a dead reckoning system with position updates from
radio navaids. For example, the F.A.,A. has given authorization to
TWA to use pure Doppler radar navigation as a primary en route navaid
in the U.S. [20]. The combination ADF-I.N.S. is not expected to re-
sult in a satisfactory system because of large angular errors long
distances from the station.

In conclusion, it is realistic to assume that the only general
available en route and terminal radio navigation for V/STOL for the
next decade will be the VOR/DME (VORTAC) system. Limited coverage of
Loran C/D and Decca is also expected. The ATC Advisory Committee will
soon release a report on traffic control systems adequate for the
1980's and keyond. They recommend a prompt improvement of the VORTAC
system to meet the demand for higher capacity (The saturation of the
DME is a major problem). This system is then predicted to handle traf-
fic loads projected for the 1995 period [22]. Implementation of time

frequency techniques similar to the CAS has been proposed as a



replacement for the VORTAC system, but it is expected to be more than
15 or 20 years before this system will be in service, assuming that the
system were agreed upon and funded today. This enormous time lag in-~
volved in implementing a new system with nationwide coverage emphasizes
the importance of the phrase "in operational use" when choosing a nav-
aid for the next decade. Thus the most likely radio navaids which can
be integrated with I.N.S. for en route and terminal area navigation

are:

- VOR/DME
— Decca
- Loran C/D

The performance of the VOR/DME system will be treated in detail in
the next chapter.

3. THE VOR/DME SYSTEM

The VOR/DME system in the U.S. makes use of colocated VOR and
TACAN transmitters. Civil aviation uses the VOR and the DME parts of
the TACAN station while the bearing information from TACAN is for mili-
tary users only. This combination is referred to as a VORTAC sta-

tion.

In the literature, a variety of different VOR systems are des-

cribed. They can be summarized as in [23}:
VOR Conventional VOR. In general use in the U.S.
DVOR (SSB) Doppler VOR with single sideband trans-
mission. This is in general use in the

U.S. and, for some receivers, fully compat-
ible with VOR.

DVOR(DSB) , DVOR(ASB) Doppler VOR with double respective alternat-
ing sideband. Proposed to reduce errors in

low cost VOR receivers.

PVOR-PDVOR VOR and DVOR where increased precision is
obtained by various means; for instance, by
use of FM modulation instead of AM modula-

tion.

PDVOR(H) , PDVOR (M) The first uses an additional FM carrier;
the second uses multilobe technigues to

increase accuracy.



In this report only the VOR and DVOR(SSB) system will be treated
because they are in general use and the future use of the other systems
is uncertain. The Airlines Electrical Engineering Committee recom-
mended in 1966 that only VOR and DVOR should be used and that poor per-
forming VOR sites should be replaced by DVOR, which is less dependent
upon the terrain. Two speed systems such as PDVOR{M) and VOR systeﬁs
with special FM subcarrier systems were not recommended because a simi-
lar accuracy improvement could be obtained by improving the VOR re-
ceiver design and by more accurate adjustments of the standard VOR and
DVOR stations.

3.1 VOR/DME Navigation

3.1.1 The VOR/DME Coverage

The range of the VOR transmitter depends upon aircraft alti-
tude and the class of VOR. The line of sight characteristics of the
VOR (x115MH;) and DME signal (:lGHz)‘ makes the coverage depend upon
altitude, see Figure 3.1, [12]. (The region with 5uV signal strength
implies a barely receivable signal.) An approximate formula for the

range as a function of altitude is:
R[ln.m.] = 1.27/h[ft] (3.1)

Because of the large number of VOR stations, some will be trans-—
mitting on the same frequency, and especially at high altitudes, inter-
ference can take place. The following minimum requirements for cover-

age have been allocated for the three VOR categories ([24]:

Category Frequency Protected Volume
H - high altitude, 18,000 to 45,000 ft 130 n.m. radius to 45,000 ft
100 n.m. radius to 45,000 ft
L - low altitude, 18,000 ft 40 n.m., radius to 18,000 ft
T - terminal 25 n.m. radius to 12,000 ft

The Flight Inspection Handbook [25] states that the minimum range
should be greater than 40 miles at 1,000 feet above antenna or terrain
for H and L category VOR stations and a minimum of 25 miles for the
T category.

The VOR/DME system gives full coverage in the continental U.S. at
most cruising altitudes. Above 20,000 feet, the 250 H category VORTAC
facilities also give almost full coverage. Above the VORTAC station
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there is a cone of confusion where the vertical polarization results in
unusable signals. This cone should be less than 45°, but in most cases

it is closer to 30°.

3.1.2 The Use of the VOR/DME Information

The information received from a VORTAC station is the
bearing referred to magnetic north and the slant range to the station.
This is often denoted as theta and rho, respectively. The use of this

information can be categorized as follows:

a) Theta - radials v Gives only a line of position

b) Theta - theta ~ The bearing to two VOR stations
are measured simultaneously. This rather cumbersome triangulation was
used before the widespread implementation of DME. Because of the ex-
tensive computation involved and the poor accuracy obtained, this

method will not be given further consideration.

c) Rho -~ theta v Using VOR/DME signals from only
one station, a position fix relative to that station is obtained with-
out any computation. This is the simplest way of using the VOR/DME

system and the method used by the commercial airlines today.

d) Multiple rho v Because the range determined is
much more accurate than the bearing at some distance from the VORTAC

station, various multiple rho systems have been proposed:

Rho-rho ~ The range information from two VORTAC
stations will give ambiguity in the position fix which can be resolved
by using the bearing to one of the VORTAC stations. One concept re-
ferred to as "cross range position determination" has been simulated
in [15]. Here one receiver determines a position fix using a VOR-

TAC station in the flight direction, while a second set tuned to an
"off airway" VORTAC station determines another fix which, by use of a
maximum likelihood filter, enables computation of the best position es-
timate. It is further claimed that by using only H-category VORTAC
stations, almost complete coverage is obtained in the U.S. when cross-

ing angles from 60° to 120° are employed.

Rho-rho-rho v Here three simultaneous DME sig-
nals are used to determine a fix. This method can give a very accurate

fix, but it results in frequent switching between VORTAC stations. The

10



coverage, especially at low altitudes, will also in effect be reduced,
a range limitation determined by the most distant VORTAC station.
Another problem which can develop in the high traffic density areas, if

multiple rho systems become common, is the possibility of saturation

~of the DME transmitters. The weakest interrogation will then be

disregarded.

3.1.3 The Airways

Under IFR conditions an aircraft is not allowed to fly
an arbitrary path between take-off and destination but has to follow
airways defined by the F.A.A. These airways are now primarily based
on radials to and from VORTAC stations. The desire to fly
straight lines between airports together with the congestion along TH
more traveled airways and terminal areas has led to the development
of area navigation equipment. The F.A.A. has now followed up with a
proposal of special area navigation (RNAV) airways [11l]. The suggested
total errors, which include errors in RNAV equipment, airborne VOR/DME

equipment, VORTAC ground station, and pilot imprecision, are:

Less than 51 n.m. from VORTAC station: Total error less than 4 n.m.
At 25 n.m, from VORTAC stations Total error less than 2 n.m,
At 10 n.m. from VORTAC station: Total error less than 0.85 n.m.

To reduce the effect of slant~range error, the F.A.A. has pro-
posed that at 18,000 feet altitude the centerline of the RNAV route
should not be closer than 8 n.m. from the VORTAC station, and at 18,000
to 45,000 feet, no closer than 15 n.m. The extension of the airway
structure with the RNAV airways for en route and terminal area naviga-
tion (final approach also proposed), increases the usefulness of the
VOR/DME system for V/STOL aircraft,

3.2 Some Control Parameters of the VOR/DME System

3.2.1 Data Rate

The bearing information is obtained by measuring the relative
phase between two 30 Hy sinewaves, yielding a continuous measurement of
bearing to the VOR station.

The range is found by measuring the round trip travel time
of a pulse from aircraft to ground station and return. The data rate
for the DME system is 15 pulse pairs per second corresponding to a
sampling rate of the slant distance to the VORTAC station of 15 times
per second.

The time required for an initial VOR fix is determined by

the time it takes to tune in a new VOR station, the response time, plus

11



a possible delay due to a holding mechanism. Reference [5] claims

typical times of 2 minutes not including tuning for the VOR. This
figure, however, will depend upon receiver design. The initial DME
fix time is about 3 sec. '

3.2.2 Maneuver Induced Effects

When orbiting a VOR station in the same direction as
the rotating antenna, the frequency of the signal from the rotating
antenna changes from 30H; to (30-V/2#R)H;, where V is the aircraft
velocity and R is the distance to the station. Flying at 300 kt one
n.m. from the VOR station gives a frequency shift of 0.013 Hz. Using
an OBI servo to measure the changing bearing, the phase of the re-
ceived reference 30Hz signal will be changed such that the phase dif-
ference between the shifted reference and the signal from the rotating
antenna is zero, i.e., yef - A sin (2730t * ¢) = A sin (2730 = V/R)t,
since 9 = % t, where 6 is the instantaneous VOR bearing. Errors will
therefore not be created as long as the bandwidth of the receiver and
the servo is sufficient.

Traveling along the radials the Doppler effect will
give identical frequency shift on both reference and signal and there-
fore no phase errors develop. The frequency shift for this flight
path is negligible.

The transit time of the DME pulses at maximum distance
is about 2 msec, corresponding to a traveled distance of 1 ft at 300
kt aircraft speed, i.e., a negligible effect., The maximum traveled
distance between each sample at 300 kt is 34 ft, which is at least

one order of magnitude less than rated accuracy.

3.2.3 Transfer Function of the Instruments

Most VOR receivers today have an interval RC filter to
reduce the effects of scalloping and roughness of the course. The
time constant of this filter could be on the order of a few seconds.
In a new digital VOR receiver [26], two phase-lock loops have been used
having a second order transfer function with a natural frequency chosen
equal to 0.3 Hz and a relative damping of 1 which gives adequate damp-
ing of erroneous information. This receiver type will be used by the
F.A.A. to check ground stations.

The present VOR and DME receivers do not possess band-

width limitations which will degrade an external optimum filter.

12



3.2.4 Some VOR/DME Features

A "To-From" indicator on the VOR display simplifies the
navigation procedure for the pilot. When the OBS (the desired VOR radial
selected by the pilot) agrees (within +90°) with the measured VOR radial,
the indication is "From." When the indicator shows "To," the phase dif-
ference between VOR bearing and selected heading is 180° (+90°). When
the pilot flies over the VOR station on a manually selected heading, the
indicator flips from "To" to "From."

The edge of the cone of confusion above the VOR station, where the
VOR signal becomes unusable, can be found by sensing the rate of change
of the VOR signal. A heading memory mode of operation can then be ini-
tiated.

When signal loss occurs because of station malfunction or at long

ranges, a warning indicator is activated and the CDI output goes to zero.

3.3 Desription of VOR Errors

3.3.1 System Errors

Some of the most important VOR system errors can be
categorized as follows:

Calibration errors

- Station errors

- Site and terrain effects
- Propagation errors

- Receiver processing errors

These errors result partly from current practice and regulations,
nonideal equipment and inherent limitations of the VOR system. Be-
cause the largest errors are caused by the currently used airborne
equipment {27], [28], [29], a gquantitative description of the errors
are difficult. Greatly improved airborne equipment has been demon-
strated, so the total error experienced can improve considerably. This
development is also expected to have an influence on the station calibra-
tion regulations.

To get a background for the numbers given later, a short descrip-

tion of the above mentioned error sources will be given:
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a) System Calibration

Station specification: as specified in the Flight Inspec-
tion Manual [25], the alignment of the radials, each identified by its
nominal magnetic bearing from the station, should be within 2.5° of
the correct magnetic bearing, measured out to a maximum of 40 miles
from the station. Normal practice is to adjust the radials such that
this error is less than 1° (lg) [30]. The mean error of the network
of VOR stations is essentially zero. A +1.0° station shift is typi-
cally allowed.

Receiver specifications: Part 91.25 of Federal Air Regula-
tions specifies the airborne receiver during a flight test to be within
6° of a geographic reference, within 4° in a ground check, while a
bench check should give an error less than 3.0°, Reference [30]
claims that 0.6° (lo) under operating conditions is a more realistic
error value. ICAO, Annex 10 [2] specifies a maximum of *2° error in

the airborne eqguipment.

b) Station Errors

Polarization effect: +this is caused by the radiation of un-
desired vertical polarized signals and can give errors during aircraft

banking. Reference [25] specifies less than 2° at 30° bank angle.

Reference frequency: since 60Hz power line frequency is
used as a reference for the VOR station, significant frequency varia-
tions have been noticed. Step changes can occur, especially when
switching from main power to auxiliary power takes place [29].

Nonideal transmitters and antenna design: the transmitters
are to some extent dependent upon line voltage changes and temperature
changes . Step changes can be experienced when the transmission is
switched from one transmitter to another. Of some importance is the
rotating 30Hz parasitic pattern which cannot be removed by the re-

ceiver.

c) Site and Terrain Effects

The reflection caused by fixed obstables in the VOR coverage
region can cause deviation of the beam. These deviations are normally
categorized as follows:

Bends: slow, flyable excursions of the ideal course. Refer-

ence [25] specifies that they should not exceed 3.5° of the correct

course.
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Roughness: rapid, irregular, non-flyable excursions of the
course which have to be averaged out.

Scalloping: rhythmic, non-flyable excursions of the course.
Reference [25] says that the deviation caused by the combination of
roughness and scalloping must be less than 3° from the average course.

The maximum momentary displacement which can be tolerated is 6.5°.

The Airlines Electronic Engineering Committee claimed in 1966 that
in most cases the course perturbations have an almost zero mean valpe
and that true course shifts are rare.

The course perturbations can vary from VOR station to VOR station
and also differ from one sector to another. The most difficult sites
have now been equipped with DVOR which is much less sensitive to site

location and reflections from the terrain.

d) Propagation Errors

VHF reception is affected very little by ionospheric and at-
mospheric conditions. This should enable day, night, all weather,
static-free bearing measurements. The stapility of the VOR radials
has been studied extensively at Ohio University (271, [28], [29], using

fixed position receivers. Their findings can be summarized as follows:

+ Precipitation has probably no deleterious effect on VOR
accuracy. A realistic bound for the worst meterological model appears
to be about 0.2°. A maximum of 0.2° offset for approximately 10-15

minutes has been noted.

- Reflection from other aircraft. Aircraft passing near a
VOR station can give rise to an impulse-like course deflection as large
as 1° at an aircraft in a far field line of sight position. Below the
line of sight to the VOR station, errors up to 3° have been measured.
(The actual magnitudes of the errors depend upon the receiver used).
The magnitude and number of impulses was a direct function of the ratio
of the magnitude of the reflected signal to that received by direct
transmission. Most deflections lasted for less than 3 seconds, although
durations of 20 seconds were experienced. Up to 40 impulses on a
single day were reported for that particular VOR station. The effect
of reflections from aircraft is -expected to be reduced for DVOR sta-

tions.
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e) Receiver Processing Errors

In the above mentioned stability study [27], [28], [29], it
was found that the major contribution to the total VOR error is due to

inadequate receiver processing. Some of the findings were:

*+ Sensitivity to frequency changes in the 30 Hz VOR signal.
From 0.6° to 3° per 1 Hy was found for different types of receivers.
This effect normally appeared as a steplike error. By proper design
this error could be made negligibly small for normally occurring fre-

quency changes.

+ Sensitivity to signal strength variations. This is of sig-
nificance at very low signal levels only. The resulting erroxrs have
the shape of short-period variations (0.0l Hz found on one recording),
or diural drift., This sensitivity could‘cause an error up to 1°, de-

pending upon the receiver used.

- Sensitivity to low frequency amplitude modulation caused by
multipath., Spurious signals caused by reflections from other aircraft
could in one “gquality" receiver give rise to an error 5 times as large

as in a similar receiver from another company.

- Noise level at low signal strength. This receiver-produced
noise could be up to 0.5° peak to peak in one receiver while barely

recognizable in another,

< Nonlinear receiver elements can introduce distortion in the
detection process such that the detector system does not give the cor-

rect average value when exposed to roughness and scalloping.

+ Interchannel modulation which can also be reduced by proper
receiver design [31]. By use of a split channel receiver, this effect
was reduced and the scalloping errors were thereby reduced by a factor

of 4-10.

From the discussion of the points a) to f) it is clear that the
inherent capability of the VOR system is only limited by the propaga-
tion errors which are found to be 0.2° (30) wusing ideal equipment. It
is expected that the VOR station equipment will improve graduaily, but
a significant performance improvement of the network as a whole for the
next decade is not very likely, although the worst sites probably will
be improved or replaced by DVOR. The airborne equipment for V/STOL,
with highly improved performance is or will soon be available, Most
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of the current improvements have been obtained by using standard re-
ceivers with additional equipment to filter the data. Development of
improved receivers have also been reported [31], [26]. It is believed
that a total error of less than 0.5° max to 1.5° (95% of the time) with
the existing VOR system can be achieved.

Transitions between VOR stations can cause severe steplike changes
in the indicated course. Flying between two stations separated by 100
n.m,, a step in the indicated lateral position of 1 3/4 n.m. can occur

when switching from the outbound radial of one VOR to the inbound ra-

dial of the next (when both stations have a one degree error).

3.3.2 Measurements Taken on the Existing VOR System

Most measurements have been performed by flying radials
out to about 40 miles from the VOR station or by orbiting the station
at 5, 20,or 40 miles radius.

A large amount of measurements have been made and the
published results [2], [32], [33] normally specify the errors as maxi-
mum errors, 95% probability of occurrence, or as r.m.,s. errors, Any
computations of the PSD functions for the errors registered during
these measurement series have not been performed. It is somewhat dif-
ficult to evaluate the older results because the many receiver de-
ficiencies found recently [29] could be the cause of some of the er-
rors found. Some of the more interesting results found in the litera-

ture are listed below.

From reference {[2]:

« 6,355 observations in 1955 of overall VOR system errors gave
l1.6°, lo.

. Measurements of 276 stations (made before 1958) gave 1°, lo,

with an error distribution very close to a Gaussian distribution.

+ 196 stations measured in 1960 revealed 0.76°, 1lg.
- Large numbers of tests in 1960 with quality receivers gave 6.7°,

lo.

Reference [33] reports a standard deviation, including the pilot
errors, found by measuring aircraft position along certain airways to
be 3.3°, with a mean value of 1.6°, 1lo.
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Reference [32] measured the stability of the VOR stations during
a two-year interval. The discrepancies found were generally less than
0.2°, with a maximum of 0.5° for some radials.

Many references quote numbers varying from 1°, 1o, to 1.7°, 1o
for the overall system errors.

An inquiry to the F.A.A. recently resulted in the following num-

bers:

- Ground station error: 0.9°, 1o

- Airborne receiver error: 1.0°, lo

Measurements made on DVOR stations indicate smaller errors, from
0.3°-0.7° maximum.

These results are typical examples of errors quoted in the litera-
ture. Interesting results are expected to be revealed by the F.A, A, as
a result of a test program where high quality, specially designed equip-
ment [26] is used to measure the accuracy of the VOR/DME system.

3.4 VOR Statistics

A statistical description of the VOR system based on the data
found in the literature cannot be too detailed or accurate. When look-
ing at the data received from one station only, it should be possible
to split the VOR bearing error up into a mean value and a random vary-
ing component fitted to a lowpass filtered white noise model. Some of
the known features of the VOR system cannot be included in the statis-
tics but can hopefully be used in a practical data processor.

The parameters of the model are expected to depend upon whether
the aircraft flies along the VOR radial or is crossing the radials, as
would be common when using area navigation equipment. Error data for
the latter case can be obtained from orbital flight recordings.

It is assumed that the angular errors are independent of the dis-
tance from the VOR station. No dependency has been observed by inspec-
tion of available recordings or has keen discussed in the literature
except for flights below the line of sight cor at extreme distances from
the station where the signal strength is very lov. (See section 3.3.1,
items d and e), and for high altitude operations where interference

can occur.
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3.4.1 The Mean Value of the Angular Errors

a) The VOR Network

The mean value of the angular errors of the VOR net-
work as a whole is zero.

b) The Receiver

The receiver can have a bias caused by calibration
inaccuracy. In a letter from the Butler National Corporation it is
statgd that a properly calibrated airline receiver can be trimmed to
an offset less than 0.25°. This requirement is much lower than that
required by regulations (Section 3.3.1, point a). Assuming that high
quality, regularly calibrated receivers will be required for V/STOL

area navigation, a realistic assumption is:
E[YRCV] = BRCV = 0.3° (3.2)

c) The mean value of a VOR radial error must be less than

2.5°,(3.3.1a). In the above mentioned letter from Butler, VOR sta-

tions having alignment errors as large as 1° were found. It is ex-
pected that the station misalignments will be reduced due to improved
measurement instrumentation now available. The reported stability of

the VOR stations (Section 3.3.2) is good, and an alarm is activated

when a 1° shift occurs. A probable mean value valid for the VOR radi-
als is then:

— [+]
E[YSTra] = 0.7°, 1o (3.3)

d) !Qz;ﬁtqtion Alignment Error Determined from an Or-
bital Flight

The mean value of the angular errors obtained by ob-

biting a VOR station is expected to be smaller than that found from
flying radials since the deviations of the radials caused by reflec-
tions are likely to give positive as well as negative contributions
when going around the VOR. On the other hand, the specifications
given for the VOR station could allow a maximum 2.5° turn of the en-
tire station. 1In an actual flight only a part of an orbit will be
flown, such that bends in one sector could give rise to a mean value.
Errors with periods up to 360° can be seen on some orbital plots. It
is probably not worth while to distinguish between the mean value ex-
pected for radial flights and flights along parts of an orbit so that

the mean value suggested is:

ElYgpor] = El¥greal = BsT = 0.7°, 1o (3.4)
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3.4.2 The Standard Deviation of the Random Angular Error in
the Signal from a VOR Station

The standard deviation of the random perturbations of
the VOR radials is of course not dependent upon the flight direction.
The major angular errors are caused by scalloping, beam roughness and
beam bends. Instabilities in the propagation seem to be negligibly
small. Because the magnitude of the beam reflection effects are highly
dependent upon the receiver design, no attempt will be made to relate
the errors to the receiver or to the station. Using data measured with
high qqality receivers (See Section 3.3.2), together with the specifica-
tions given for the station (Section 3.3.1, point a) the following
value seems reasonable for the standard deviation of the random angular
error component:

(E[y(t)z])l/2 = o, =0.9° (3.5)

Equations (3.2), (3.4), and (3.5) yield the following standard de-
viation for the overall VOR system error to be expected when quality

receivers are used and a large number of stations are measured.

1/2 .
. = (Bhev + BEr + oD)Y? L 1.2 (3.6)

The individual error sources are independent. It can also be assumed
that the angular error distribution function is Gaussian (Section
3.3.2).

3.4.3 The P.S.D. Error Function for a VOR Station

Disregarding any range limitation offsets in the random
angular error, there is reason to believe that the statistics can be

described by the following exponentially correlated function:

2 _-w_ | 1| (3.7)
+ = o 2 = T
Ely(t)y(t+T)] y © oy (D)
This corresponds to the following P.S.D. function:
[~ 2
o (@) = e (melTar = 1 (3.8)
YY ™ YY wz 1 + (w/wz)Z

which can be looked upon as low pass filtered white noise. A P.S.D.
function which is flat below w, assumes that the reflections from the
terrain give rise to scalloping and bends with no preferred frequency
due to the irregularity of the terrain. Objects such as a fence,
buildings, power lines, and trees which cause much of the perturbations,

are rather regular in shape, but their distance and direction to the

20



VOR station can be assumed random. Inspection of actual data taken
from radial and orbital flights strengthen the assumption that no spe-~
cial frequency band is dominating below a maximum occurring frequency
denoted W, .

Because most of the VOR errors are geometrically fixed, w, will be

proportional to the aircraft velocity.

a) Flying Along a Radial

By inspection of a limited number of recordings, the
scalloping frequency seems to be independent of the distance from the
VOR station. The maximum scalloping frequency of importance for a re-
cording said to be typical [17] for a conventional VOR station, is
0.17-0.34 x 10—3 r/s/kt. Reference [15] indicates the maximum dominant
scalloping frequency to be approximately 0.12 x lO—3 r/s/kt. Reference
[18] has found that during their flight tests that the maximum scallop-
ing frequency is higher than 0.7-2.5 x 10_3 r/s/kt. A measurement of
a DVOR radial [31] gave 4.1 x 10-3 r/s/kt. This higher frequency can
be ascribed to the DVOR design, references [34] and [35]. 1In the
Flight Inspection Manual [25], a typical plot for bends, scalloping,
and roughness is shown, indicating the scalloping frequencies to be
16-20 times higher than the bends. By restricting the bank angles to
be less than 10° for en route flights at 145 kt (DC-3), one can compute
the maximum flyable bend frequency to be 0.1 x 10_3 r/s/kt 20 miles
from the VOR. This indicates possible scalloping frequencies to be on
the order of 1.6-2 x 1073

values could be due to the "natural" spread in the VOR network or per-

r/s/kt. The discrepancies in the measured

haps reflect the different sampling rates or smoothing filters used in
the receivers. (A 20 second time constant in the low pass filter would
give a 0.35 x 10_3 r/s/kt frequency bandwidth when a 145 kt aircraft
is used to collect the data.) Considering only conventional VOR sta-
tions (DVOR amounts to less than 3% of the total number of stations),
a realistic value along the radials could be:

_ -3
Wopra = 0.7 x 10 r/s/kt (3.9)

b)- Orbital Flights

The scalloping frequency experienced is expected to
depend upon the radius of the orbit. For example, misaligned radials
or bends caused by reflections near the VOR stations, will give an in-

dicated frequency equal to:

(=]
.
=

w = [x/s/kt] (3.10)

7
s
e}
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R - radius of orbit in n.m.

¢ - period of scallops as seen on a 360° error plot, degrees

As the radius is increased, new objects may cause reflection phe-
nomema and thereby weaken this inverse proportionality law to some ex-
tent., Reference [36] shows orbital measurements made at different
radii. The predominant scalloping period remains almost unaltered at
20 ft, 6 n.,m., 12 n.m., and 20 n.m,, confirming the above equation.
Some higher frequencies of lower amplitudes show up at the greatest
distance., The result of a theoretical description of the scalloping
frequency valid for orbital flights is also shown for scallops caused

by nondirectional reflection from a single source, as:

Wop 1.2 $fsin ] [x/s/kt] (3.11)
where
d - distance from VOR to reflector
R - distance from VOR to aircraft
Yy - angle between aircraft and reflecting object seen from VOR
station

This equation also gives a frequency inversely proportional to the ra-
dius of the orbit., A directional reflecting source seems to give a
frequency which can be calculated from (3.10) with ¢p = 360° according
to orbital measurements shown in the same reference. Many examples of
measurements taken while orbitiné the VOR station are shown in the lit-
erature. Most of them are made with a "sampling rate" of 10° along
the orbit and thus leave out the fine structure of the course devia-
tion. (Scallops with 20° period give 0.25 x 10_3r/s/kt at a radius
of 20 n.m. and 1 x 1073 r/s/kt at 5 n.m. radius,)

A high resolution chart for a 20 mile orbital flight [34] revealed

maximum frequencies at a particular site of
-3
5.7 x 10 r/s/kt

This site was characterized as useless with conventional VOR due to
some nearby towers causing this high frequency reflection (The use of
(2.11) gives five times the measured frequency). A high resolution

plot in reference [32] gave a shortest scalloping period of
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approximately 10° for repeated measurements of two different VOR sta-
tions.

There is reason to believe that a 10° period can be used as a
practical upper limit, which by use of eguation (3.10), gives the max-
imum frequency of the scallops during an orbital flight. The best es-
timate then becomes:

Wyer = LO0/R(n.m.) x 1073 r/s/kt (3.12)

Bounds on R can now be set. Minimum values of interest for parts of
an orbital flight are given by the specifications on the RNAV airways
(Section 3.1.3), which yields:

1.25 x 10_3 r/s/kt below 18,000 ft altitude

Y20r max 3
r/s/kt above 18,000 ft altitude

Rmin 0.67 x 10~

The maximum value of R is given by the separation of the VOR stations.
In terminal areas and along high density airways, values of R greater
than 40 n.m. would be very rare. For en route flights close lane spe-

cifications for RNAV airways is given up to 51 n.m. Thus:

0.25 x 10°° r/s/kt terminal

Y20r max -3 (3.12b)
Rmax 0.2 x 10 r/s/kt en route
As was remarked in connection with equation (3.10), the maximum scal-

loping frequencies which could be expected are higher than those given

by (3.10) at longer distances.

3.4.4 Suggested Statistical Description of the Angular Error

Signal from a VOR Station

The statistical model derived in the preceeding para-
graphs 1is valid for flights within the coverage of a VOR station.
Comparison of the values estimated for flying along the radials with
the values for flying across the radials shows only a moderate dif-
ference in the estimated maximum perturbation frequencies. This result
encourages the approximation of using only one model valid for all
flight directions with respect to the VOR station. This will, to a
great extent, simplify the mechanization of the optimal filter. Be-
cause of the spread and incompleteness in the data used to derive the
statistical parameters, such a simplified model will probably give as
good a result as that obtained using a more complicated model.

The proposed statistical description of the overall VOR system

error , valid within the coverage of one station is:

I
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Mean value:

Ely,l = B. = (Bioy * Biop 2 o (0.3% +0.7%) = 0.75° (10)

(3.13)

The parameters of the random component, equation (3.7):

oy = 0.9° (3.5), (3.14)

W, = 0.7 x 1073 r/s/kt (3.15)

This model can be depicted as follows:

nl + v +
— Uy jr "Yt
+ +
' Bt
. . %0 Ficure 3.1
n; - white noise R
Y, -~ the total angular error in the VOR signal
Using state space notation, this can be wriftten as:
Y ~-w, 0 Y w,
. = + n, (3.16)
] 0 0 Bt 0
where
Y
vy, = [1 1] : (3.17)
t B
t
and
E[n;(t)n, (t+1)] = Q2 §(T) (3.18)

The P.S.D. function for this white noise is:

WT g1 = g/2n

o (w) L ® g,8(1)e

nin; = -2—'11'
Passing this white noise through a low-pass filter yields the follow-
ing P.S.D. function:

Q2 1
(w) = [|H;(jw)|? @ (w) =
¢ ] HJ I 2w 1+ (w/wy)?

¢YY nin;
Comparing this expression with (3.8) finally gives:

Q, = 20§/w2 | (3.19)
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Using the above proposed figures, (3.19) becomes:

Q, = 2.3 x 1073 (degr) %/ (x/s/kt) | (3.20)

3.4.5 Statistical Model for the VOR Network Angular Error

The total time én aircraft at 300 kt uses a particular
VOR station will vary from 7 to 12 minutes for proposed RNAV airways.
Flying any particular radial will take half that time. It is there-
fore of interest to describe the VOR network as a whole.
Denoting the average time an aircraft uses a VOR station as Ty,
we have that:

To
o = 3.6 sec/kt (3.21)
where R, is the average distance travelled in n.m. using one VOR sta-
tion. Examining the angular offsets of the VOR stations, it is seen
that they will be sensed as a pulse train with an average pulse width
of To and an amplitude described by the Gaussian distribution given in
Section 3.4.1. The mean of the VOR stations can be regarded as uncor-
related. Assuming for the moment that the time each station is used

is equal, the expectation becomes:

- o2 1 -l
E[Bgp (£) Bgp (t+T) ] op (1 - 4=H) (3.22)
where cé is the variance of the station offsets (3.4). Comparing this
result with an exponentially correlated function:
Og e_lTl/TO = oé(l - dt|/Te + . . ), (3.23)
equation (3.22) can be said to be an approximation of (3.23). Because

the actual flight times using a particular VOR have a distribution with
To as a mean value, the approximation is improved. The expectation of

the angular error of the VOR network can then be described as:

E[Bgn(t) Bgp (£-T) 1x og e~vol 7l (3.24)
where
w, = l/To = Qﬁ%ﬁ X lO_3 r/s/kt

A value of Ro found from the proposed RNAV airways between New
York and Boston and between New York and Washington, D.C. [13] is:

Ro = 45 n.m. (3.25)
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giving:

w, = 0.006 x 1073 r/s/kt

yielding To = 9 minutes for a 300 kt aircraft.

The limited flight time within the coverage of a VOR station im-
poses a lower limit on the possible frequency of the random varying an-
gular error sensed from each station. Because the bends and scallops

have a zero mean, the maximum nominal period of the bends is:

Ty = 3.6 Ry x 10° s kt
or: (3.26)
w1 1.74 X 10—3 r/s/kt
RO

Using the above found value of R, yields:
®; = 0.039 x 107> r/s/kt

The simplest model for this case is obtained by approximating the
random components as white noise filtered by a bandpass filter given

by the equation:

s/wl
(L + s/w1) (1 + s/w,)
Here w, is given by (3.26) and w, by (3.15). The P.S.D. function of

Hy(s) =

the filtered noise then becomes:

(w/wy)? N,
(1 + (w/w1) 2111 + (w/w,)?]

o)y (W)

where N; is the P.S.D. of the unfiltered white noise.
The variance can now be found as:
2 1 (3%
Ely(t)2] = = J H; (s)H1 (-s) Nyds = 27N I
J _joo
where I is a tabulated integral in [42]

This gives:

EV(0)2] = ™ ypa—mpe = 02
where 0Y is given by (3.5). The value of the N; then becomes:
g 2
N, = E%; (1 + wi/wa) = c§/vwz (3.27)

since when w, (3.15) is compared with w; (3.26), a ratio of about
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18:1 is found.

The effect of extending the frequency range of the P.S.D. function
from w, to zero for the random component will now be evaluated. Adding
a lowpass filtered white noise component, n:, which is assumed un-

correlated with n , to the bandpass filtered white noise, we get:
: 1

2

¢22(w) = (_w/wl) Nl + (w/w3) NZ (3-28)

(1 + w?2/wi) (1 + w?/w3) 1+ w?/w3

where

\'NZ = P.S.D. of n;, = 0%/71'0)3

w3 = breakpoint of lowpass filter
For N; = N, and w, = w; and assuming w, >> w;, (3.28) becomes:

N,
22 (w) = —————— (3.29)

2 2
1+ w/ws

The assumed standard deviation of the added lowpass filtered noise sig-

nal can be found from the assumption of N; = N, to be:
g2 = UY(wl/wz)l/2 (3.30)
Using the values quoted in equations (3.26), (3.14), and (3.15) gives:
g, = 0.19°

Using Ry, = 45 n.m. and a speed of 300 kt, the shortest fluctuation

period becomes from (3.26):

T = 27/ws = 9.3 minutes
P3
Such low frequency noise can enter the system from the following

sources:

o Receiver bias changes due to temperature or supply

voltage fluctuations

o Drift in the 30 Hz VOR frequency, which can give
low freguency components when a group of VOR stations

are connected to the same power station.

The values indicated above would be reasonable values for these
error sources. The bandpass filtered white noise model can therefore
be replaced by a lowpass filtered white noise model.

The proposed statistical description of the VOR network then
becomes: -
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Yt - total angular error in the VOR network

Yor Y, - state variables
BRCV ~ constant bias in VOR receiver (3.2)
wo - highest "bias chopping" frequency (3.24)

w, - highest scalloping frequency (3.15)

Using state space notation:

Yo -y 0 0 Yo mo 0 ng
Y, = 0 -w, o}y, +l0 w, [n (3.31)
. 1
Brey 0 0 ollBrey 0o o
Yo ]
Y. = [1 1 1] Y,J
BRCV
Elno(t)n (t+1)] = 0
E[lng(t)ng(t+t)] = Qg8(1) (3.32)
Eln,(t)n (t+1)1 = Q,6(1)
where
Q, = 2.3 x 10%(degr)?/(x/s/kt), see (3.20)
Q, = 2032/wo, similar to equation (3.19)
Using (3.24) and (3.25) for we, and (3.4) for og yields:
Q, = 3,500 Ro(degr) 2/ (r/s/kt)
(3.33)
Q, = 160 x 103 (degr) ?/{(r/s/kt)

These results for the VOR network can also be summarized as the

sum of two uncorrelated random angular error signals having the

-~
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following expectations:

E[Bgn(t)Bgp(t+t)] = oeze'“olTl, see (3,24)
6g = 0.7°, see (3.4) ' (3.34)
wo = 0.006° x 10_3 r/s/kt nominal, (3.25)

Ely(t)y(t+T)] = OYZe-U’alTl
OY = 0.9°, see (3.14)
w, = 0.7 x 1073 r/s/kt, see (3.15)

In addition, a constant receiver bias with the following standard

deviation is added:

= o
BRCV 0.3 See (3.2)

The total r.m,s. error then becomes:

1/2

1 _ 2 2 2 o
g = (cB + UY + BRCV) 1,2°,

identical to (3.6) as presumed.

3.4.6 Statistical Models -for the VOR System Described in the

Literature

In references [17] and [37] an exponentially corre-
lated model was derived from a limited number of F.A.,A. recordings.

Their findings were:

Ely(B)y(t+1)] = o281 Tl
with:

g = 1l.1°

0.2 x 1073 r/s/kt

™
]

The bias of the VOR station and the receiver were set to zero. |
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Simulations made at Boeing [16] made use of the following model:

Bias in the VOR system: 1°, lo;
The random part of the VOR signal: 1°, lo.

No frequency limits were menticned.

Reference [15] made use of a very short average time when des-
cribing the angular errors used for their simulations:

Mean value: 1° + 5° sin wt, w = 0.12 x 107> r/s/kt.
Standard deviation: Varying from 0.5° to maximum 4° with the

same frequency given above.

Other models have been found in the survey. The above models

show a satisfactory similarity with the model proposed in this report.

3.5 Description of the DME Errors

The most important DME error sources are:

° Pulse rise time and pulse distortion
o Calibration of fixed delays
¢ Frequency stability

o Receiver processing errors

Because only the leading edge of the pulse is used for timing, the sys-
tem is virtually immune to multipath caused by reflection.

Reference [32] claims that the potential accuracy of the current
system is *0.5psec. corresponding to #0.084 n.m.

The specification given by the Flight Inspection Manual [25] says
that the accuracy of the DME shall be within 3% of the distance or 0.5
mi, whichever is greater., In the older manual [38], 0.2 mi. or 2% of

the distance was specified.

3.5.1 Observed DME Errors

Some measurements of the DME system accuracy are re-
ported in the literature.

The DME transmitter:
Reference [2] has found the error to be #0.033 n.m. lo.
Reference [30] concludes that the TACAN station error is 0.03 mi., 1

Reference [39] states a 0.27 n.m. maximum error which is said to
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correspond to a lo value of 0.29 x 0.27 = 0.077 n.m.

DME receivers: )

Reference [2] quotes #0.1l n.m. #0.2% of range for the air-
borne equipment. Reference [40] states that the accuracy of the re-
ceivers have improved from about 5% of distance to about 0.2 mi, inde-
pendent of distance. A comparison between the distance indicated by
two DME receivers in the Eastern program [13] showed a discrepancy of
up to 0.25 n.,m., which was within the stated accuracy of *0.2 n.,m. for
the receivers., The error seems to be caused by bias type errors in

the receivers.

The overall DME system:

Reference [2] concludes that the system error is 0.1 n.m.,
lo. '

Reference [30] says that typical distance error is #0.1 mi.
to #0.2 mi. Other references use #0.2 n.m. or 1% of range describing

the errors as very low frequency random error,

3.5.2 DME Statistics

The main error source is probably uncertainties in the
fixed delays in the receiver and the DME station, giving rise to a bias
type error. It is expected that this bias will vary slowly with time
due to component drift and temperature and power supply changes. There
is reason to believe that the DME station bias exhibits only small
changes in the time interval an aircraft is using the station, Distri-
bution of the leading edge caused by noise can give rise to a higher
frequency error component. Because of the 15 samples per sec, para-
graph 3.2.1, the maximum information frequency would be about 30 rad/

sec,

a) The r.m.s. Errors

The estimated standard deviation of the receiver based on
the above mentioned references is:
1/2
nt/2 -

(E[al = 0.1 n.m., 1lo (3.35)

RCV % aRrCV

A quality receiver is assumed so that the distance dependency can be

disregarded.
The station error is estimated to be:

1/2 _ " _
(E[aéT]) = g = 0.1 n.m., lo (3.36)
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The difficulty in these estimations is due to the great diversity
in the DME transmitter specifications and in the reported accuracies.

The overall r.m.s. error thus becomes:

ag = + 1/2

2 2 _
at 94rcv T gsT! = 0.14 n.m., lo (3.37)

b) TEEhExpeétation of the DME Errors

From the data available it is only possible to guess at the
expectation of the DME errors. Provided that the station bias can be
regarded as slowly varying, the same bias steps flying from one station
to another, as described in paragraph 3.4.5, can be expected. This

would give the following expectation for the DME station network:

- - o2 —wo ] T

E[aST(t) uST(t+I)] OlsT © le] (3.38)
where

O4sT 0.1 n.m, See (3.36)

wo = 0.006° x 10°> r/s/kt nominal.  See (3.25)

The fluctuations in the receiver bias can also be predicted to be in
the same frequency range (but independent of aircraft speed). A rough

estimate of the model for the total DME error is:

Ela(t) a(t+r)] = o e~woltl (3.39)
o, = 1.4 n.m. See (3.37)
Assuming V = 300 kt, l/w0 becomes 530 seconds. The recording

shown in reference [13] does not depict any high freguency noise con-
tent, indicating that the above model may have some relevance.

The DME error equations can then by written as:

.
= -w_ 0o + w_n
G [&] o D

Elnp(t) np(t+t)] = Qpd(T)

Similarly to equation (3.19), this’'yields:
Op = 202/wo = 7 X 103(n.m.) 2/ (x/s/kt) (3.40)

where

np - white noise
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c) Statistical Models for the DME Found in the'LiteraturE

Reference [37] has used the following model:

Ela(t) a(t+T)] = (0.2 n.m.)? el

This autocorrelation function was based on a rather limited amount of
data. An inquiry to the author has revealed that the assumed autocor-
relatinn time for the DME station was 300 sec. Reference [16] uses a
DME error of 0.1 n.m. 20 in their simulations. In [15] a DME error
varying from 0.02 n.m. to 0.1l n.m. with a nominal value of 0.07 n.m.

was used for their simulation.

3.6 Optimum Use of the VOR/DME Data

3.6.1 Results from Programs Described in the Literature

In the Eastern STOL program [13] the VOR/DME informa-
tion was fed to the Omnitrac Computer together with heading, airspeed

data and altitude. The computer did the following data reduction:

° Correction of the slant range error in the DME signal.
o Mathematical filtering of VOR signal which signifi-

cantly reduced the VOR bearing error.

o 2 dead reckoning mode obtained by use of true airspeed
data and magnetic bearing. Wind speed was then esti-
mated. If sensor signal was lost, the computer pro-
vided its normal outputs using airspeed, compass
heading, and the most recent stored value of the

wind speed.

The measured errors in the VOR/DME position fix in tthe terminal
area was less than 0.2 n.m., lo. These results were probably achieved
without use of Kalman filtering, but probably with use of the dead rec-
koning data.

Reference [15] has obtained in their simulations a considerable
improvement in the position errors derived from the VOR/DME signals
with use of a maximum likelihood filter but without a dead reckoning
system., The error reduction is achieved by using an additional VORTAC
station located "off-airway". For a transcontinental flight simulation,
the following results were published:

Mean errors: #0.11 n.m. across track

#0.083 n.m. along track

Standard deviation: *0.072 n.m.
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(Except for a few intentionally bad selections of VORTAC station
pairs.)

The interesting simulations performed in reference ([17] and [37]
processed the VOR/DME data together with the data from an I.N.S.
and an air speed-magnetic heading dead reckoner, respectively. It was
assumed that the I.N.s. had a velocity error of 1.4 n.m. per hour and
that the VOR/DME signal could be described by

Ely(t) y(t+1)] = (1.19)% & 0-1l7l

for the VOR and 0.2 n.m. r.m.,s. error in the DME. Using a six dimen-
sional state vector and a sampling time interval of five seconds, an
improvement in the position error from 2% of the distance to the VOR-
TAC station to about 0.4% of the distance was achieved. Using the air-
speed-magnetic heading dead reckoning, the r.m.s. accuracy in the posi-
tion is better than that of the VOR/DME by a factor of 2.5.

The Vector Analog Computer developed by Bulter National Corpora-
tion [18] makes use of a distance proportional filter. In this filter
an OBI servo in the VAC has a speed limitation which is inversely
proportional with the distance to the VORTAC station. The speed limits
selected corresponds to the maximum angular rotations of the VOR bear-
ing an aircraft can experience at a given speed. Thus the servo speed
does not depend upon the amplitude of the course deviations, but only
upon the polarity of the CDI output from the VOR receiver. The filter
equation is:

de _ V (Aircraft Speed)
= = ,

It D> 0.5 n.m.

D (Distance)

$® - —J  D<o0.5n.m.

dt D= 0.5 n.m.

The receivers which are presently on the market have an internal
filter. The effect of this filter is removed by a passive network in
the VAC.

It is said that this simple filter technique makes an improvement
in the VOR accuracy of an order of magnitude and enables the use of

so~-called unusable VOR signals.

3.6.2 Some Considerations When Designing an Optimal Filter

a) The VOR/DME Position Fix

The VOR/DME signal gives a positiom fix relative
to the VORTAC station with the following r.m.s. errors:
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Across the direction to the VORTAC station:

+ Rth = 4+ 0.021 R(n.m.)

Along the direction to the VORTAC station:

10, = 0.14 n.m.

These errors are shown in Figure 3.3 as a function of the distance from

the station.

n.m.
2.0
+ VOR
1.5
"
g2 1t
|
~ QO
0.5 b DME
4_
0.14 ‘
1 1 .
6.7 50 100 R n.m.

Fic. 3.3 VOR-DMS POSITION FIX ERRORS

Using the average range found for certain RNAV-airways, the mean VOR
error is 0.95 n.m. At ranges greater than 10 n.m. the DME error is much
less than the VOR error. A valuable property is that E[Ry(t)a(t+T)]=0

and that the errors appear orthogonal to each other.
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.In the navigation computer the latitude, longitude, ana angle be-
tween magnetic and geographic north for each VORTAC station have to be
stored. Denoting the VOR bearing with respect to geographic north as
8, the VOR/DME position fix transformed to the geographic coordinate

frame becomes:

1 - ] 1

Arx = R'cosb
(3.40)
Axr_ ' = R' sin@'
Y
where

Arx' = component of R' along the north axis
Ary' = component of R' along the east axis

The "prime" indicates a measured value. Now the measured values can be

written as the correct value plus an error term:

R' = R + o
8' = o+ Y
ArN' = ArN + 6rVDN' ArN = R cos 0
ArE' = ArE + GrVDE’ ArE = R sin 6

Using small angle approximation and neglecting products of uncertainties,

Eg. (3.40) then gives:

SIVDN -R sin 8 cos ©

<
o+

(3.41)

QR

arVDE R cos O sin 6

37



b) Example of a Filter Design

Similar to the system described in [37], positién is measured
simultaneously by the INS and the VOR/DME. Denoting the position wvectors

indicated respectively as

Lyp T

Lo}
+

102

[Jal

where r is the correct position vector, an error free comparison between

the two measurements gives:

S EVD = §£I - §':£VD (3.42)

1=
I
H

That is, m' depends only upon the errors in the INS and VOR/DME system.

As an example, a very simple model of the INS uncertainties is used,
consisting of two uncoupled channels with white noise at the accelero-
meter level (random walk gyro drift). The noise is integrated twice to

get the position uncertainty. The VOR model valid for the VOR network

is used, Eq. (3.31l). The state equation then becomes:

-Qo | _—wo 0 0 0 0 0 0 0 W Yo ]
91 0 -, 0 0 0 0 0 0 e
éRCV 0 0 0 0 0 0 0 0 Brev
o 3 0 0 0 —wg 0 0 0 0 o .
8V, 0 0 0 0 0 0 0 0 8V,
8T 1y 0 0 0 0 1 0 0 0 -
8V, 0 0 0 0 0 0 0 0 8V,
LsiIE | I 0 0 0 0 0 0 1 0 | LerE |




1 0 0 0 0T
0 1 0 0 0 B 7
R
0 0 0 0 0
oy
0 0 1 0 0
+ na (3.43)
0 0 0 1 0
Dy
0 0 0 0 0
g
0 0 0 0 1 = —
0 0 0 0 0

or

By subtracting at the discrete time intervals the VOR/DME signals from

the INS signals and using equation (3.41), we get:

my R sin 0 R sin © Rsin § -cos 8 0 1 0 0
mg -Rcos & ~-Rcos 6 -Rcos ® -sin® 0 0O 0 1
(3.44)
or
m(tm) = E(tm)g(tm) + n

where U is a gaussian distributed noise representing an erroneous com-

parison of the INS and VOR/DME data:

] = u = (3.45)

An estimate of cu is 0.05 n.m. Now
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and
Eln(t)n(e+0)T] = g § (1) ' (3.46)
where _ -
Q
0 0
Q
Q= Qq
Qr
0 0
and - =
0, = 48.5(rad)?/(r/s/kt) from (3.30)
0, = 0.7(rad)%/(zx/s/kt)  from (3.20)
Q, = 7 x 103 (n.m.)2/(r/s/kt) from (3. 40)

Bl (8)np (8+T) ] = Qpud (1) = Qn6(T) = 0;6(1)

By choosing a sampling time interval, paragraph 3.6.2 c, the information
needed to solve the discrete Kalman filter equation for estimation of
the VOR/DME and INS errors is at hand. These estimates can be applied

as corrections to the measured quantities.

The H matrix is time varying because some of the entries depend up-
on the measured VOR bearing, 6, and range R. Becasue R and 8 are not
known a priori as functions of time, the gain and covariance matrices

in the Kalman filter equation can not be precomputed.
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The introduction of the u noise source in the measurement equation
is somewhat artificial, because the errors introduced in the electronics
could be made negligibly small. 1In his paper [43], Kalman solved the
estimation problem for a discrete-time system driven by white noise
where all measurements were assumed noise free. The method described
by Bryson and Johansen, [44], and Bryson and Henrikson, [45], should

be considered.

c) The Sampling Time Interval

The simulations performed in [17] and [37] made use of a 5-
second sampling time interval. Reference [1l6] used both 10 and 1 se-
conds. With a sampling time interval Ts = 5 seconds, the following

theoretical maximum signal frequency w,, can be reproduced:

= 0.63 r/s

€
It
[V \8]
e

The highest scalloping frequency at 300 kt is:

wy = 0.7 x 1073 x 300 = 0.21 r/s
The highest course aberration frequencies will therefore be preserved
in the sampled measurement. This means that prefiltering of the measured

signals should not be necessary to prevent the frequency folding effect

from arising when sampling signals with frequencies above Wy

The distance traveled in 5 seconds at 300 kt is 0.42 n.m. This
would indicate that the signal should not be averaged between the samples
because of the lag introduced. From the above considerations, 5 seconds

seems to be a reasonable choice of sampling time interval.
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d) Some Practical Considerations

The performance of the INS Qill probably not be based upon
the sampling time interval only, but also upon the duration of possible
loss of VOR/DME signals. When flying over a VOR-station, the cone of
confusion may cause unusable signals for a time lasting for maximum:

(Ref. Para. 3.1.1.)

_ 2h tan 35 _ h(£ft)
Tcone == = 0.6 TIRE) seconds

for h = 10,000 ft and V = 300 kt this time becomes 2.0 seconds. The

edge of the cone of confusion can be sensed, 3.2.4, and a program change
signal can be derived. A signal loss warning can also occur, 3.2.4. This
may happen occasionally, and the system has to be switched to a dead
reckoning mode while another VOR station is selected. The availability
figure of the VORTAC stations has been found to be 98.7% [33], giving

an indication of the occurance of signal loss. Flying at low altitudes
in metropolitan areas, shadows can cause temporary signal loss. Spo-
radic signal loss can also be expected in the DME signal due to satura-
tion which occurs when more than two airplanes interrogate a DME station

simultaneously.

A very important bit of information which should be used in an op-
timum filter design, is the knowledge of the maximum VOR bearing rate
which can occur. This rate is given by:

V.
max R |sin ¥]

where

<
Il

aircraft speed

o]
1l

range

90° when flying an orbital flight, 0° flying a radial.
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Butler National Corp. experienced a great improvement using this informa-

tion with sin ¢ = 1 in their design of the VAC.

The fact that the VOR derived position error increases linearly
with range will be taken into account when writing the equations for
the Kalman filter and should result in a weighting function which de-

pends upon the range.

When computing the slant error correction, a flat earth approxima-—
tion can be used. At 100 n.m. this will give an error of 50 ft (increasing

with the cube of the distance).

Two models were developed for the VOR errors, one valid within the
coverage of one station, the other for the network. Using the first
model, the filtering process has to be reinitiated every time a new
station is used. In the other model the information about the shift of
station is used only indirectly in the autocorrelation time l/wo. A
disadvantage of the second model is that it requires one extra state

variable. No preferences will be made here.

Prior to take-off, the initial velocity and position errors in the
INS should be negligible, otherwise it can be difficult to distinguish
between constant INS position error and VOR bias errors. The measure-
ment of the VOR error at the airport does not give any information about
the VOR bias, because when the aircraft is stationary, it is not possible
to distinguish between bias, bend, or scalloping. The best initial es-
timate of the VOR bias is therefore zero. The DME signal, however,
should give a value of the bias (slowly varying), but a distinction be-
tween receiver bias and transmitter bias can not be made if only one

station can be received.
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4. THE USE OF VOR/DME IN THE FINAL APPROACH PHASE

The VOR/DME system can be used together with altitude information
in the final approach phase. In the Eastern STOL program [13] a curved
approach path was followed down to a final way point at 200 ft altituée
and 1400 £t from the runway. From there the approach was flown visually.
A number of approaches using the Omnitrac computer with VOR/DME and
altitude inputs were also flown on instruments down to touchdown. In a
fligﬁt profile suggested for an improved STOL, the descent is initiated
at about 22 n.m. from the airport. A speed of 250 n.m. is assumed down
to where the final decent starts at 2000 ft altitude, and 2.3 n.m. from

the airport. The final approach speed is 75 kt.

Reference [10] suggests that a PVOR colocated with a DME installed
at the STOL or VTOL ports could be used for approach down to the point
where visual contact can be made. Because of the line of sight charac-
teristics of the VOR/DME system, some regions in the metropolitan area
can have unusable VOR reception conditions. Some airports are equipped
with terminal VOR/DME stations, and a few have installed PVOR. Accor-
ding to the Flight Inspection Manual [25], the terminal VOR/DME should
have a minimum range of 25 n.m. The approach radial is evaluated from
15 n.m. inbound to a point where missed approach is executed. (The
missed approach radial is also evaluated regularly.) The same tolerances
on the terminal VOR and DME accuracies as for the enroute VOR/DME system
are specified. Some airports suitable for V/STOL are not equipped with
VOR/DME facilities, but will be covered by nearby VORTAC stations. FAA
will propose RNAV instrument approach procedures [11] to permit use of
additional runways under higher landings minima. Measurements will be
made to assure good VOR/DME signal coverage from the final approach fix
to the minimum descent altitude. The combined RNAV errors should be

less than 0.85 n.m. at 10 n.m. range from the VORTAC station.

44



4.1 Results from Simulations and Demonstration

The approach phase has been simulated in reference [16] using
different sensors with an INS as inputs to a Kalman filter. Assuming
perfect velocity information and a VOR with 2° (20) bias and 2° (20)
random component, it took 60 seconds to reduce the initial error of 2
n.m. to 0.13 n.m. with 1 sample per second. After 200 seconds the error
was reduced to 80 ft. Perfect velocity information and DME with 0.1 n.m.
(20) gave a reduction from 2 n.m. to 200 ft in 100 seconds. As a con-
clusion it was stated that the smoothing of VOR/DME data using a 10 se-
cond sampling time interval gives accuracies nearly equal to that required

of a Category I localizer.

In the simulation of the cross-range position determination system,
[151, {(model mentioned in paragraph 3.4.6 )the cross-track error
during approach was found equal to 0.1 n.m. for the mean value and 0.07

n.m. for the standard deviation.

Evaluation of the approaches made by Eastern [13] shows that the
VOR/DME errors during final approach were less than in the terminal area.
This was probably due to the shorter distance to the VOR station. When
-using the VOR/DME as an input to the Omnitrac computer, the errors were
comparable with the errors experienced when using Decca as an input.

With a 90% confidence level the following approximate standard deviations

of the cross range errors were found:

At 200 ft altitude: 350-750 ft
At 100 ft altitude: 300-900 ft
At touchdown: 190-600 ft

Along runway centerline: 470-660 ft
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4.2 VOR/DME Erxrror Model for the Approach Phase

Because the error tolerances specified for the VOR and DME
are the same for the terminal VOR/DME station as for the rest of the
network and because the sites and terrain effects should be expected to
be simular or in some cases worse because of the presence of towers and
hangars, the same error model as described in paragraphs 3.4 and 3.5.2
can be used. The terminal VOR/DME station can be regarded as part of
the network, paragraph 3.4.5 or described as in paragraph 3.4.4. Using
the figures for the proposed advanced STOL, [13], the terminal VOR/DME
station will be used for 5 - 9 minutes, not significantly different from
the time each VORTAC station is used while enroute. The obtained ac-
curacy will be better, however, because the terminal VOR station will
be used from a distance of about 15-25 n.m. to a final decision height
at a range of about 0.23 n.m. The VOR r.m.s. error will then be reduced
from about 0.5 n.m. down to 300 ft, while the DME error should be 840 ft
r.m.s. independent of range. These figures indicate that theta-rho navi-
gation would give less error than the more complicated rho-rho system
in the approach phase where the accuracy requirements are greatest. If
an adequate updating of the INS is possible during the relatively short
final approach (2-3 minutes ) the theta-rho system would also be preferred

because of the improved accuracy.
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